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SpermatogenesisBasonuclin (BNC1), a zinc ﬁnger transcriptional factor, is essential for mouse spermatogenesis.
However, the regulatory mechanisms of BNC1 in spermatogenesis are poorly understood. In this
study, we identiﬁed HSF2BP, a testis-speciﬁc binding protein of HSF2, as a binding partner of
BNC1 by using yeast two-hybrid screening. HSF2BP could interact with and inhibit BNC1 transcrip-
tional activity without affecting its expression level. Moreover, coexpression of HSF2BP with BNC1
resulted in a striking redistribution of BNC1 to the cytoplasm. These data suggest that HSF2BP
may play a pivotal role in regulating BNC1 transcriptional activity and subcellular localization dur-
ing spermatogenesis.
Structured summary of protein interactions:
Bnc1 physically interacts with HSF2BP by two hybrid (View interaction)
Bnc1 and HSF2BP colocalize by ﬂuorescence microscopy (View interaction)
Bnc1 physically interacts with HSF2BP by anti tag coimmunoprecipitation (View Interaction: 1, 2)
 2013 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Basonuclin (BNC1) is a conserved zinc-ﬁnger type transcrip-
tional factor discovered in cultured human keratinocytes [1,2]. It
is present primarily in basal keratinocytes of stratiﬁed epithelium
and in germ cells [3–6]. BNC1 is an unusual transcription factor in
that it regulates both Pol I and Pol II-mediated gene transcription
[5,7–10]. Moreover, although BNC1 is a transcriptional factor with
a nuclear localization signal (NLS) [1], it can shuttle between
nucleus and cytoplasm depending on the growth states of the cells.
In cultured keratinocytes, BNC1 localizes mainly in the nucleus in
the presence of supporting 3T3 cells, and it relocalizes markedly
to the cytoplasm when the cells are transfered to culture medium
without supporting 3T3 cells [11]. Iuchi and Green [12] reported
that the state of phosphorylation of Ser-541 played an important
role in controlling BNC1 subcellular distribution. However, the de-
tailed regulatory mechanisms of BNC1 subcellular localization re-
main obscure.
BNC1 is highly expressed in mouse testis and is present
throughout the entire spermatogenesis process, in which the
expression pattern of BNC1 changes with germ cell differentiation.
At the early stage of spermatogenesis, BNC1 is concentrated in thenuclei of spermatogonia and spermatocytes. However, during
spermiogenesis, BNC1 redistributes from the nucleus to the cyto-
plasm and ﬁnally localizes to the ﬂagellum of the spermatozoa
[3]. In vivo study of BNC1 function showed that it was essential
for mouse spermatogenesis. BNC1-deﬁcient mice were sub-fertile
resulted from progressive germ cell loss [13,14]. Nevertheless,
the regulatory mechanisms of BNC1 function in spermatogenesis
are currently unknown.
Transcriptional cofactors play an important role in the complex
biological processes regulated by a limited number of transcription
factors [15–18]. In order to search for potential cofactors of BNC1
during mouse spermatogenesis, a yeast two-hybrid screen was
performed. Our efforts led to the identiﬁcation of HSF2BP as a
binding partner of BNC1. HSF2BP was initially isolated from a
human testis cDNA library as a binding partner of HSF2, and it
may participate in modulating HSF2 activation [19]. HSF2BP mRNA
was restricted to the testis among various human tissues [19],
suggesting a potential role in spermatogenesis. But up to now,
except for being found as a SUMOylation substrate [20], the func-
tion of HSF2BP is still not clear. In this report, we demonstrate that
HSF2BP interacts with BNC1 and represses its transcriptional
activity. Coexpression of HSF2BP with BNC1 results in a striking
redistribution of BNC1 to the cytoplasm. These results indicate
that HSF2BP is an important regulatory factor of BNC1 during
spermatogenesis.
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2.1. Experimental animals and reagents
ICR mice were obtained from the Experimental Animal Center,
Chinese Academy of Sciences. The animals were treated in accor-
dance with the NIH Guide for the Care and Use of Laboratory Ani-
mals. All the experimental protocols were approved by the Animal
Care and Use Committee of the Institute of Zoology, Chinese Acad-
emy of Science. Anti-green ﬂuorescent protein (GFP) monoclonal
antibody was purchased from Santa Cruz Biotechnology (Santa
Cruz, CA, USA). Anti-Flag monoclonal antibody was purchased from
Sigma–Aldrich.
2.2. Yeast two-hybrid screening
Yeast two-hybrid screening was performed as described in the
Matchmaker library construction and screening kit (Clontech) with
some modiﬁcation [21]. The bait plasmid was constructed by sub-
cloning mouse BNC1 cDNA fragment encoding the N-terminal 386
amino acids (1–386) into pGBKT7. To construct the testis cDNA
library, mRNA (1 lg) isolated from adult mice was used to synthe-
size the ﬁrst-strand cDNA using oligo-dT primer. Double-strand
cDNA was synthesized with SMARTIII and CDSIII anchors. The AD
fusion library construction and two-hybrid screen were carried
out in one step by co-transforming the yeast strain AH109with
dscDNA, pGADT7-Rec and pGBKT7. Colonies were picked out from
SD/-Ade/-His/-Leu/-Trp/X-a-Gal selection plates after 5 days. The
inserts of selected positive clones were sequenced and identiﬁed
by searching the NCBI BLAST database.
2.3. Cell culture, transient transfection and luciferase assay
HEK293T cells (in DMEM, 10% FBS) were grown for 24 h on 24-
well plates and then transfected with the luciferase expression
plasmids and the indicated expression constructs (see Fig. 6) using
Mega Trans1.0 according to the manufacturer’s manuals (ORI-
GENE). The total quantity of transfected DNA was maintained at
constant levels via the addition of appropriate quantities of
pFLAG-CMV-4. 30 h after transfection, the cells were lysed in the
passive lysis buffer and assayed for ﬁreﬂy and renilla luciferase
activities using the Dual Luciferase Assay System (Promega). The
data shown are from at least three independent transfection
experiments.
2.4. Co-immunoprecipitation
HEK293T cells were transfected with pFLAG-CMV-4-HSF2BP
and/or pEGFP-N1-BNC1. 48 h later, cells were harvested and lysed
in NP-40 lysis buffer (1% Nonidet P-40, 50 mM Tris–HCl, pH 7.4,
150 mM NaCl, 1 mM EDTA, pH 8.0) with protease inhibitor cocktail
(Sigma). Subsequently, an aliquot of the cell lysate was incubated
with anti-FLAG M2 agarose resin (Sigma) or anti-GFP antibody
(Santa Cruz) with rotation overnight at 4 C. The resin was then
washed ﬁve times in 1% NP-40 lysis buffer. The pulled-down pro-
tein complexes were then examined by Western blotting analysis
using the appropriate antibodies.
2.5. Plasmid construction
To generate expression plasmids for Gfp- and Flag-HSF2BP,
HSF2BP coding sequence (corresponding to amino acids 1–338)
was ampliﬁed using forward 50-GCTGAGGCAGCGGCTATG-30 and
reverse 50-AACATTACAGTCCAGGGCGC-30 primers from mouse
testis cDNA and subcloned into the pFLAG-CMV-4 (Sigma) andpEGFP-N1 vectors (Clontech). Various deletion fragments of HSF2BP
with the FLAG epitope were generated in a similar manner, result-
ing in Flag-HSF2BPD1(1–260), Flag-HSF2BPD2(1–126), Flag-
HSF2BPD3(1–77), Flag-HSF2BPD4(78–260) and Flag-HSF2BPD5
(78–338). Full-length BNC1 was ampliﬁed using forward 50-
ATGGCTGAGGCTATCGGCTG-30 and reverse 50-TTACTGGAGGTGG-
CTTGGAG-30 primers from testis cDNA and subcloned into
pFLAG-CMV-4 (Sigma) and pEGFP-N1 vectors (Clontech). Various
deletion fragments of BNC1 with the GFP epitope were generated
in a similar manner, resulting in BNC1-N1(1–633), BNC1-N2(1–
504), BNC1-N3(1–312), BNC1-M(313–633), BNC1-C1(634–990)
and BNC1-C2(877–990). All the recombinant plasmids were con-
ﬁrmed by DNA sequencing.
2.6. RNA extraction and RT-PCR
Total RNAs were extracted from various mouse tissues as well
as testes at different development stages using Trizol reagent fol-
lowing the standard protocol. The primer pairs 5-GAAAGAAG-
GACCTGGAACGG-30 and 50-CCACCACAGCAAAGGGATAA-30, was
used to detect the HSF2BP mRNA expression. To perform PCR
ampliﬁcation, reaction mixtures were ﬁrst denaturalized at 94 C
for 3 min, 30 cycles with the following conditions were then car-
ried out: 30 s of denaturalization at 94 C, 30 s of annealing at
58 C, 1 min of extension at 72 C. Subsequently, the reaction was
incubated at 72 C for 10 min. The PCR products were veriﬁed by
agarose gel electrophoresis.
2.7. Western blot analysis
The lysates of HEK293T cells transfected with relevant plasmids
were separated by PAGE and transferred to nitrocellulose mem-
branes. The membranes were blocked with 5% non-fat milk/PBST
for 2 h, followed by incubation with the speciﬁc antibodies at room
temperature for 4 h or overnight at 4 C with gently agitating. After
three times washing at room temperature, the membranes were
incubated with HRP-conjugated secondary antibody in 5% non-fat
milk/PBST, followed by three washes in PBST, and then analyzed
with the ChemiDoc XRS+ system (Bio Rad).
2.8. Immunoﬂuorescence staining
30 h after transfection, cells were ﬁxed in 4% paraformaldehyde
for 20 min and permeabilized with 0.1% Triton X-100 for 15 min.
After blocking in 5% BSA for 1.5 h, the cells were stained with the
Anti-Flag monoclonal antibody (Sigma–Aldrich) overnight at 4 C.
After three washes with PBS, the cells were stained with TRITC-
conjugated secondary antibody for 1.5 h, and washed three times
with PBS. Subsequently, DAPI (Sigma–Aldrich) at a ﬁnal concentra-
tion of 1 lg/ml was added to stain the nucleus for 10 min, and then
the cover slips were mounted on microscope slides. The images
were captured using a laser confocal microscope (Zeiss).
3. Results and discussion
3.1. HSF2BP interacts with BNC1
To identify mouse proteins that interact with BNC1 during sper-
matogenesis, cDNA libraries derived from mouse testis were
screened using the yeast two-hybrid system with the bait plasmid
pGBKT7–BNC1 (encoding amino acids 1–386 of BNC1). Screening
of the transformants yield 19 positive clones, eight of which en-
code full-length cDNAs for a protein named HSF2BP, a binding
partner of Hsf2 [19]. The interaction between BNC1 and HSF2BP
was ﬁrst demonstrated by the growth of yeast cells co-transfected
Fig. 2. mRNA expression of mouse Hsf2bp gene. (A) Hsf2bp mRNA was abundantly
expressed in mouse testis using RT-PCR analysis of multiple tissues. (B) Expression
proﬁle of Hsf2bp mRNA in developing mouse testis. Total RNA samples were
prepared from mouse testes of 0–60 days post partum (dpp). The RT-PCR analysis
showed that Hsf2bp was abundantly expressed from 5 dpp, and that its expression
level kept increasing from 5 dpp to adulthood. The integrity of the extracted RNAs
was indicated by mRNA expression of b-actin.
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selection medium. The interaction was further conﬁrmed by
co-immunoprecipitation assays in HEK293T cells co-transfected
with Flag-HSF2BP and BNC1-GFP plasmids. As shown in Fig. 1,
BNC1-GFP was detected in the immunoprecipitate of Flag-HSF2BP
and in converse experiment, Flag-HSF2BP was detected in the
immunoprecipitate of BNC1-GFP only when the two plasmids were
coexpressed. Taken together, these observations indicate that
HSF2BP is a binding partner of BNC1.
3.2. Hsf2bp mRNA is abundantly expressed in mouse testis
Previously, HSF2BP was found to be speciﬁcally expressed in
human testis [19]. To investigate HSF2BP expression proﬁle in
mouse multiple tissues, RT-PCR was performed. From the intensity
of the band of the ampliﬁed cDNA, it showed that Hsf2bp was
mainly expressed in testis and lung, as well as slightly in the mus-
cle (Fig. 2A). To investigate whether its mRNA expression was
developmentally regulated in mouse testis, total RNA samples
were generated from mouse testes of 0–60 days post partum
(dpp). The RT-PCR results revealed that its mRNA expression level
in mouse testis was relatively low from birth to 3 dpp, and there-
after it seemed to keep increasing from 5 dpp to adult (Fig. 2B).
Taken together, these results suggest a potential role of HSF2BP
during mouse spermatogenesis.
3.3. Mapping of the domains required for BNC1–HSF2BP interaction
To characterize the regions responsible for BNC1–HSF2BP inter-
action, we generated deletion mutants of BNC1 and HSF2BP
(Fig. 3A and C) and tested their binding ability in coimmunoprecip-
itation assays. Whole-cell lysates were prepared and co-immuno-
precipitation assays were performed with an anti-FLAG antibody,
followed by immunoblotting with an anti-GFP antibody. As shown
in Fig. 3B, immunoprecipitation of the Flag-tagged HSF2BP copre-
cipitated BNC1-N1(1–633aa), BNC1-N2(1–504aa), BNC1-N3(1–
312aa), BNC1-C1(634–990aa) and BNC1-C2(877–990aa). In con-
trast, no coprecipitation of BNC1-M(313–633aa) was observed
(Fig. 3B, lane 6). We further conducted experiments to delimit
the regions of HSF2BP that responsible for its interaction with
BNC1. According to the predicted secondary structure of HSF2BP,
we divided HSF2BP into N-terminal region and C-terminal region
(Fig. 3C). The N-terminal region contains A-helices and is hydro-
philic while the C-terminal region contains b-sheets and is hydro-
phobic (see Supplementary Fig. S1). As shown in Fig. 3D, the
interaction with BNC1 was maintained when the N-terminal
hydrophilic region of HSF2BP was removed. Thus, these results
demonstrate that two domains of BNC1, the ﬁrst within 1–312aa
and the second within 634–990aa, are involved in its interaction
with HSF2BP, and the C-terminal hydrophobic region of HSF2BP
is required for its interaction with BNC1.Fig. 1. BNC1 and HSF2BP interact in vivo. HEK293T cells were co-transfected with Flag-H
with the appropriate anti-tag antibodies as indicated. Subsequently, the captured prote3.4. HSF2BP represses BNC1 transcriptional activity without affecting
its expression level
Cofactors are frequently involved in regulating the transcrip-
tional activity of transcription factors, either positively or nega-
tively [15,22,23]. Given that BNC1 functions as a gene-speciﬁc
transcriptional activator, we analyzed whether HSF2BP has any ef-
fect on the transcriptional activity of BNC1. To this end we tested
the promoters of Hist3h2a and Prkcsh, two target genes of BNC1
that were previously veriﬁed by CHIP assay [8]. Dual luciferase re-
porter gene assays were performed in HEK293T cells co-transfec-
ted with expression plasmids for BNC1, HSF2BP and promoter
constructs for Hist3h2a or Prkcsh. As shown in Fig. 4A, both pro-
moter–reporter constructs were activated by BNC1. However,
HSF2BP markedly reduced the BNC1-mediated transcriptional acti-
vation of the reporter constructs, without affecting the basal activ-
ity of the reporter constructs. Then, we tested whether the binding
of HSF2BP to BNC1 affect the expression level of BNC1. Immuno-
blotting assays results showed that, with the increasing of HSF2BP
protein level, the expression level of BNC1 protein remained the
same (Fig. 4B), and overexpression of BNC1 also had no effect on
the expression level of HSF2BP (Fig. 4C). Therefore, HSF2BP re-
presses BNC1 transcriptional activity without affecting its expres-
sion level.
3.5. HSF2BP sequesters BNC1 to the cytoplasm
To investigate the possible mechanism that HSF2BP represses
BNC1 transcriptional activity, we used confocal microscopy toSF2BP and BNC1-GFP -expressing vectors. Cell lysates were coimmunoprecipitated
in complexes were analyzed by Western blot analysis.
Fig. 3. Mapping of the interacting regions of BNC1 and HSF2BP. (A) Schematic representation of BNC1 mutants used for coimmunoprecipitation analysis. Boxes depict the
zinc ﬁnger motifs. (B) HEK293T cells were transfected with Flag-HSF2BP and BNC1-GFP or its deletion mutants. Cells extracts were immunoprecipitated (IP) with anti-Flag
antibody. Immunoprecipitated fractions were analyzed by immunoblotting (IB) using anti-GFP antibody or anti-Flag antibody. (C) Schematic alignment of full-length HSF2BP
with the deletion fragments used in the experiments. (D) Lysates of HEK293T cells expressing Flag-tagged HSF2BP or its deletion mutants together with Gfp-tagged BNC1
were immunoprecipitated (IP) using anti-Flag antibody. Samples were immunoblotted (IB) with anti-Flag or anti-GFP antibody.
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and the inﬂuence of this interaction on BNC1 subcellular localiza-
tion in transfected cells. BNC1-GFP fusion protein was constructed
and expressed in cultured HEK293T cells. As shown in Fig. 5A – a,
the BNC1-GFP fusion protein was localized mainly in the nucleo-
plasm, as previously reported by other groups [24]. RFP-fusion pro-
teins of mouse full length coding sequence of HSF2BP and its
truncated form HSF2BPD3-RFP containing the N-terminal domain
(1–77), were constructed and expressed in cultured HEK293T cells.
The results showed that the full length HSF2BP-RFP fusion protein
displayed an inhomogeneous cytoplasmic localization (Fig. 5A – b),
whereas HSF2BPD3-RFP fusion protein showed a relatively homo-
geneous distribution throughout the cytoplasm (Fig. 5A – c). Co-
expression of BNC1-GFP and HSF2BP-RFP fusion plasmids in
HEK293T resulted in a striking redistribution of BNC1 to the cyto-
plasm that colocalized with HSF2BP-RFP (Fig. 5A – d). Correspond-
ingly, HSF2BPD3-RFP fusion protein could not target BNC1-GFP to
the cytoplasmwhen both of themwere expressed in HEK293T cells
(Fig. 5A – e). The same transfection experiments, as performed in
Fig. 5A, were subjected to NIH3T3 cells, and similar results wereobserved (Fig. 5B). These results are in accordance with those of
our deletion mutation assays, in which the full length HSF2BP,
but not the truncated form HSF2BPD3-RFP, selectively interacts
with BNC1 (Fig. 3D). Taken together, these data indicate that
HSF2BP possesses the property of sequestering BNC1 to the cyto-
plasm. The middle region of BNC1 contains a nuclear localization
signal [1]. However it is not involved in the interaction between
BNC1 and HSF2BP based on our Co-IP assays using deletion mu-
tants (Fig. 3B). Therefore, HSF2BP sequesters BNC1 in the cyto-
plasm probably not through blocking its nuclear localization
signal directly. It has been reported that the nuclear localization
of BNC1 depends on serine dephosphorylation [12]. The interaction
between HSF2BP and BNC1 could cause a conformational change of
BNC1, which inhibits this dephosphorylation process. Alterna-
tively, HSF2BP may regulate the subcellular localization of BNC1
thorough addition interactions with other proteins.
In conclusion, we have identiﬁed HSF2BP as binding partner of
BNC1. Furthermore, HSF2BP represses BNC1 transcriptional activ-
ity partly, if not all, by sequestering BNC1 to the cytoplasm. In
our knowledge, HSF2BP is the ﬁrst identiﬁed cofactor that involved
Fig. 4. HSF2BP represses BNC1 transcriptional activity without affecting its expression level. (A) Expression vectors for BNC1 and HSF2BP were co-transfected with a
luciferase reporter vector carrying a promoter of either Hist3h2a or Prkcsh in HEK293T cells. Cell lysates were subjected to dual luciferase assays. Promoter activities were
normalized to the Renilla luciferase activities obtained from pRL-TK, which was used as a transfection control. (B) HEK293T cells were co-transfected with 1 lg of p BNC1-GFP
plasmid along with differing amounts of pFlag-HSF2BP vector. (C) HEK293T cells were co-transfected with 1 lg of pHSF2BP-GFP plasmid along with increasing amounts of
pFlag-BNC1 vector. Total cell lysates were analyzed by immunoblotting (IB) using anti-GFP, anti-Flag, or anti-actin antibody. Error bars show standard deviations of three
Independent experiments, asterisks denote (⁄P < 0.05, ⁄⁄P < 0.01).
Fig. 5. HSF2BP sequesters BNC1 from the nucleus to the cytoplasm in transfected cells. (A) Subcellular localization of HSF2BP and its effect on BNC1 subcellular distribution in
HEK293T cells. (a) BNC1-GFP fusion protein displays a relatively homogeneous distribution throughout the nucleoplasm. (b and c) HSF2BP-RFP and HSF2BPD3-RFP fusion
protein demonstrated a cytoplasmic localization in transfected cells. (d) Subcellular localization of BNC1-GFP fusion protein in cells co-transfected with BNC1-GFP and
HSF2BP-RFP fusion plasmids. When the two plasmids were co-transfected into HEK293T cells, BNC1-GFP showed a cytoplasmic localization and colocalized with HSF2BP-RFP.
(e) Co-expression of HSF2BPD3-RFP with BNC1-GFP did not change the subcelluar localization of BNC1-GFP. (B) The same transfection experiments as performed in (A) were
subjected to NIH 3T3 cells. The nuclei of cultured cells were stained with DAPI. Scale bar = 10 lm.
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lar localization. The elucidation of the detailed molecular mecha-nisms and their physiological signiﬁcances warrants further
investigations.
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